Francisella tularensis is an environmental bacterium capable of infecting a wide spectrum of species from mammals and birds to reptiles. It has been demonstrated that F. tularensis can invade and survive within protozoa, but an association with aquatic insects has not been thoroughly investigated. We examined the interaction of F. tularensis LVS biofilms and Culex quinquefasciatus larvae to determine the effects on larvae and adults. Our results demonstrate that F. tularensis LVS can form and persist as biofilms in natural water and that the mosquito larvae of C. quinquefasciatus readily feed on biofilm and planktonic forms of F. tularensis LVS. Larvae raised in both bacteria-only cultures suffered significant delays in pupation. Adults resulting from larvae continuously exposed to the bacteria had significantly reduced wing lengths in males and fecundity of both sexes. The bacteria may be exerting these effects through localization and persistence within the midgut and Malpighian tubule cells of the larvae. The study of oral acquisition of pathogens by insect larvae can significantly contribute to the study of environmental persistence of pathogens. We show that oral uptake of F. tularensis LVS by C. quinquefasciatus larvae results in not only larval effects but also has effects on adult mosquitoes. These effects are important in understanding both the ecology of tularemia as well as bacterial interactions with aquatic invertebrates.
Introduction
Francisella tularensis is an environmental bacterium that upon exposure causes accidental infections in humans. The bacterium is highly infectious and capable of infecting a wide spectrum of species from mammals and birds to reptiles. Francisella tularensis species are classified into two types: A and B. Type A, F. tularensis ssp. tularensis, occurs only in North America [with the exception of one published case in Europe (Gurycova, 1998) ], and is primarily terrestrial in its ecological association. In contrast, Type B, F. tularensis ssp. holarctica, strains are water associated and widespread across the northern hemisphere (for ecology review Keim et al., 2007) . There is evidence for both strains to be vector associated, with Type A associating with tick vectors and Type B with mosquitoes and deer flies as well as ticks.
Many environmental microorganisms exist as biofilms, and it has been shown that Francisella novicida can exist in such a niche (Durham-Colleran et al., 2010) . Biofilms result from the irreversible attachment of bacteria to abiotic and biotic surfaces. This attachment is followed by growth and maturation of the biofilm via interactions with other bacteria and with different community members such as protozoa (Rickard et al., 2003) . Biofilm maturation involves secretion of an extrapolymeric matrix (EPS) that plays a role in antimicrobial resistance of the biofilm, nutrient supply, facilitation of gene transfer, and protection from the outside environment. The last stage in the biofilm cycle is dispersal events that allow the bacteria to disseminate and colonize new surfaces (HallStoodley et al., 2004) . Several bacteria associated with accidental infections in humans have their niche in a biofilm. Legionella pneumophila forms biofilms in the environment, and it is only when this niche is disturbed and aerosols are created that it becomes a pathogen of humans (Miller et al., 1993) . The zooplankton-crustacean associated biofilm of Vibrio cholerae is a reservoir for the bacteria during nonepidemic periods (Alam et al., 2006 ). Both of these biofilms then serve as a niche for environmental persistence of the pathogen. The endemic nature of Francisella across the northern hemisphere suggests environmental persistence most probably utilizing numerous mechanisms. In addition to biofilm persistence, grazing on biofilms by protozoa or aquatic larvae are additional mechanisms supporting persistence, replication, and dissemination.
Although it has been demonstrated that F. tularensis can invade and survive within protozoa (Abd et al., 2003) , an association with other aquatic organisms has not been thoroughly investigated. Of the aquatic-associated insects, mosquitoes are ubiquitous in many areas. The developmental rate of many mosquitoes facilitates use of ephemeral and rapidly changing conditions. Larvae rapidly acclimate to resource availability, switching from suspension to substrate feeding (and back) on a wide variety of materials, including bacteria, eukaryotic microorganisms and detritus (Merritt et al., 1992) . Larval feeding may then have major effects on microbial communities (Kaufman et al., 1999 (Kaufman et al., , 2002 and larval mosquitoes may in part regulate prevalence of some environmental pathogens (Kaufman et al., 2001) . Thus, although the transmission of human pathogens by adult mosquitoes is well known, larval mosquitoes may play an under-appreciated role in environmental pathogen persistence, replication, or dissemination through their feeding on microbial organisms.
Historically, mosquitoes have been thought to play only a mechanical role in transmission of Francisella species (Philip & Parker, 1932) . More recently, Triebenbach et al. (2010) showed that Aedes aegypti and Anopheles gambiae larvae will readily feed on suspended F. tularensis, but that the bacteria did not sufficiently persist till adult stages of the mosquitoes to transmit an infective dose to mammals during blood feeding. However, other insect associated work demonstrates that Francisella species are capable of replicating within arthropod cell lines and that the known virulence factors of the bacteria are involved (Aperis et al., 2007; Read et al., 2008; Santic et al., 2009) . Studies have also used intrahemocoelic injections of live bacteria into arthropods to identify bacterial virulence factors required for vector infection (Aperis et al., 2007; Vonkavaara et al., 2008) . The injection technique is useful for the identification of virulence factors; however, in the aquatic larval environment, bacterial exposure is more likely to occur through ingestion, and thus a model using this uptake mechanism may be more valid to investigate the natural interaction between hosts and bacteria. The distribution of tularemia overlaps with the range of important mosquito genera such as Aedes and Culex (Eliasson & Back, 2007) suggesting potential interaction and thus contribution to the ecological cycle of the disease. Although the ecology of F. tularensis in the environment is not yet fully understood, the association with arthropod vectors and presence of biofilms in aquatic conditions suggest that mosquito larvae could serve as a mechanism by which these bacteria survive and persist in the environment.
In addition to vector acquisition of pathogens, larval exposure to pathogens may also have an effect on larval and adult fitness. However, the aquatic larvae-bacteria interaction remains understudied. Red flour beetle (Tribolium castaneum) larvae that fed on heat killed Escherichia coli and Bacillus thuringiensis produced fewer offspring in adulthood, although they did not differ significantly in adult survival, size, and reproduction (Roth & Kurtz, 2008) . Although only one study, it suggests that environmental conditions in which larvae are raised affect not only larval fitness but also adult fecundity.
In this study, we investigated the interaction of F. tularensis LVS (an attenuated Type B strain) and Culex quinquefasciatus mosquito larvae. Lack of research on natural acquisition of pathogens by aquatic insect larvae led us to the hypothesis that natural acquisition of pathogens by larvae can affect the survival and persistence of the bacteria and the larvae in the environment. The overlap of ranges between tularemia and vector species provides justification that this model system will provide not only important data on F. tularensis environmental persistence but also a more generalized model for larvae -pathogen interactions in aquatic environments (Christenson, 1984; Eliasson et al., 2002; Eliasson & Back, 2007) . Through investigation of this hypothesis and the development of an oral acquisition model, this work will significantly contribute to the study of pathogen uptake and persistence in larvae and provide the opportunity to examine the effects of larval exposure to pathogens on adult fitness in a natural environment.
Materials and methods

Organisms and plasmids
Francisella tularensis ssp. holarctica LVS (live vaccine strain; provided by Dr Karen Elkins, FDA) was cultured on chocolate agar supplemented with Isovitalex and grown at 37°C with 5% CO 2 . Bacteria were used from a 3-day-old agar plate. The green fluorescent protein (GFP) expressing plasmid, pKK214 (provided by Dr Anders Sjostedt, University of Umea, Sweden), was used to trans-form F. tularensis LVS and maintained in experiments using 10-lg mL À1 tetracycline. Mueller Hinton broth (MHB) supplemented with Isovitalex, 0.33-mM ferric pyrophosphate, 5.55-mM dextrose, 0.71-mM calcium chloride, and 0.95-mM magnesium chloride was used to establish bacterial biofilms. Sterile moderately hard water (MHW) (EPA, 2002) was used in exposure experiments and for rearing of mosquitoes. The mosquito, C. quinquefasciatus, was reared in the ACL facility at Clemson University at 27°C using previously published guidelines (Gravgaard et al., 2010) . Sterile dog biscuit slurry was used to rear larvae; adults were blood fed using cow blood purchased from the Godley Snell Animal Research Facility at Clemson University.
Biofilm analysis
Francisella tularensis LVS biofilms were initiated in 4-well Labtec chambers (Nunc) by adding 1 mL of a bacterial suspension adjusted to OD 600 = 0.18 (~10 8 bacteria/mL) in MHB to each well. Biofilms were incubated at 37°C for 5 or 15 days. Media was changed every 5 days to provide fresh nutrients. For imaging, biofilms were washed twice with ultrapure water to remove nonadherent bacteria and stained with the nucleic acid binding dye Syto 11 at 3 lM (Invitrogen) for 30 min in the dark. Syto 11 is a permeable dye, resulting in the staining of all cells in the biofilm. After staining, biofilms were washed again with ultrapure water and imaged using a Nikon TiE Eclipse confocal microscope. To analyze the persistence of biofilm in natural water, biofilms were set up as described, but the initial suspension was made in MHW. A quantity of 1 mL of this suspension was added directly to the chamber slide and imaged at the same time points. Biofilms were then quantitatively analyzed using the COM-STAT (Heydorn et al., 2000) , which calculated the biomass, maximum thickness, and roughness coefficient. The experiment was performed three times, and statistical analysis was performed on COMSTAT data using ANOVA.
Mosquito biofilm interaction
Francisella tularensis LVS-GFP was used in all assays. Bacteria were provided to mosquito larvae as either planktonic or biofilm stage. For biofilms, large, sterile autoclaved chambers containing two sterile slides were used. Bacteria were suspended in MHB at OD 600 = 0.3 and 5-mL of this suspension was added to 20-mL MHB supplemented with 10-lg mL À1 tetracycline. The chambers were incubated at 37°C with 5% CO 2 for 5 days. The biofilms were then washed twice with 10-mL MHW to remove any unattached cells. Next, 25-mL of sterile filtered MHW was added to the chambers, and the biofilms were then incubated at 27°C for 24 h to allow equilibration of the biofilm prior to their use in mosquito interaction experiments. Biofilms were then washed a final time with 10-mL MHW to remove traces of tetracycline, and 25-mL fresh, sterile MHW was added. Third instar C. quinquefasciatus larvae were collected from the lab colony and starved for 24 h in sterile MHW at 27°C to remove all food traces from the gut tract. Ten larvae were then placed in containers containing established biofilms. For planktonic assays, 10 larvae were placed in a beaker containing 47-mL sterile MHW and 3 mL of a planktonic suspension of F. tularensis LVS (OD 600 = 0.5 in MHW). For controls, 10 larvae were placed in a sterile beaker containing 50-mL sterile MHW and 150-lL sterile dog biscuit slurry. Larvae were exposed to either a single, 24-h exposure of the bacteria or to continuous exposure of the bacteria. After the single exposure, larvae were transferred to fresh beakers containing 50-mL sterile MHW and 150-lL dog biscuit slurry until pupation. In continuous exposure experiments, larvae were provided control, planktonic, or biofilm conditions as described above with conditions renewed every 2 days until pupation.
Fitness assays
Ten larvae were exposed to each set of conditions: control, planktonic, and biofilm (single and continuous exposures for each). Time to pupation was measured to analyze bacterial effect on development. During exposure, larvae were maintained at 27°C in the ACL2 facility and checked every 12 h for pupation. As they developed, pupae were transferred to new chambers to track emergence, and adults were collected and stored at À20°C for further analysis. Sex ratio, mortality, and wing length were calculated as fitness traits. Sex ratios were recorded as a ratio of adult males to adult females and transformed to a logarithmic scale. Mortality was recorded as the percentage of individuals that failed to reach adulthood, and wing length was measured using the Image J freeware package. Three independent replicates of each cohort were performed, and all data were subjected to ANOVA to determine significance.
Fecundity assay
To determine the effects of larval exposure to F. tularensis LVS on adults, larvae were raised on a control or continuous biofilm diet with the conditions renewed every 2 days. Pupae were collected and placed in capture containers (Bioquip) to capture the adults. Adults were then separated by sex and treatment and divided into groups containing three males and three females. Groups were placed in new capture containers for fecundity analysis.
Three replicates of all pairings (3 9 3) were conducted resulting in nine pairs of experiments. To determine if pathogen exposure to males or females would contribute to adult fecundity success, the following pairs were analyzed: control males 9 control females; control males 9 biofilm exposed females; biofilm exposed males 9 control females; and biofilm exposed males 9 biofilm exposed females. Adults were provided with a 10% honey solution via soaked cotton balls and allowed to mate for 48 h. Blood was then provided daily via soaked cotton balls warmed to body temperature until visibly engorged females were observed. 30 mL of sterile MHW was provided in plastic cups for oviposition. Cups were checked for egg rafts daily, and eggs per raft were determined. Six egg rafts per mating condition, each from a different female, were collected and counted. t-Tests were used to determine statistical differences from control matings.
Microscopy-uptake assay
The experimental cohorts (control, planktonic, and biofilm) were collected after a single exposure and placed in separate wells of a 24-well plate on day 1 and day 3 post exposure. A 1 : 1 mixture of 50% glycerol and 0.1% agarose was added to each well to immobilize the larvae. The solution was allowed to solidify prior to imaging. Whole larvae were then imaged using the Nikon AZ100 with Nikon Ri-1 camera. Images were captured using bright field and FITC epifluorescence modes. Images were analyzed using the NIKON ELEMENTS software. Control and experimental samples were processed equivalently. The experiment was repeated three times with 10 larvae each.
Microscopy-bacterial localization assay
Cohorts of larvae were collected after single or continuous exposure and washed with ultrapure water. Larvae were then fixed with 500 lL, 4% paraformaldehyde (Electron Microscopy Sciences, EMS) for 2 days. Each larva was then dissected under a stereoscope and rinsed three times with 19 phosphate-buffered saline(PBS) + 0.1% Triton X 100 (PBS-T). For blocking, 29 PBS-TB (29 PBS + 0.1% Triton X 100 + 3% bovine serum albumin) was added and larvae incubated at 4°C for 1 h. Larvae were washed three times and the primary antibody (F. tularensis LVS anti-lipopolysaccharide (LPS), kindly provided by Dr Jim Drake, Albany Medical College) was prepared in 29 PBS-TB and added to the slide for incubation overnight at 4°C. Larvae were washed and the secondary antibody was (anti-mouse FITC, Southern Biotech) added for 4 h. The DAPI was used to stain eukaryotic cell nuclei. After final washing, samples were mounted with Vectashield and imaged using the Nikon TiE microscope. Images were analyzed using NIKON ELEMENTS software.
Statistical analyses
Statistical analyses were performed using SAS (9.2). ANOVA was performed on the biofilm and fitness assays (P < 0.05, significant). A Student's t-test using Excel was done to analyze fecundity data. A value of P < 0.05 was considered significant.
Results
Francisella tularensis LVS biofilms persist in simulated natural water environments
It has been previously demonstrated that F. novicida forms biofilms in vitro (Durham-Colleran et al., 2010); however, this has not yet been published for F. tularensis LVS. Francisella tularensis LVS readily established biofilms in MHB that persisted stably over time at 37°C (Fig. 1a  and b) . A COMSTAT analysis (Heydorn et al., 2000) of biofilm biomass indicated that 15-day biofilms have considerably more biomass than 5-day biofilms; however, due to variation across the biofilm, averages were not significantly different from one another. The maximum thickness measurements of 15-day biofilms was however, significantly greater than in 5-day old biofilms. Roughness coefficients, a measure of the heterogeneity of the biofilm, showed no significant difference.
Although F. tularensis easily forms biofilms in laboratory media, the bacteria do not replicate in natural waters without a host cell. Therefore, to determine if F. tularensis LVS could simply establish and persist as a biofilm in natural environments without nutrients or host cells, we used MHW to simulate a natural aquatic environment. The biofilm was able to attach and persist for at least 15 days (the limit of the experiment) ( Fig. 1c and d) . Quantitative COMSTAT analysis of biomass, maximum thickness, and the roughness showed no significant change over the 15-day incubation period. The results support the previous observations that Francisella species are capable biofilm formers. These data also determined that nutrient conditions are not required for biofilm establishment or persistence.
Culex quinquefasciatus can feed on F. tularensis LVS Culex quinquefasciatus larvae are known as column and surface feeders, meaning they acquire food sources from both the water column and from biofilms on surfaces. To confirm that the larvae would orally take up Larvae and Francisella tularensis biofilms F. tularensis LVS bacteria from planktonic (water column) and biofilm (surface feeding) sources, we analyzed uptake of GFP F. tularensis LVS via fluorescent microscopy. As larvae are transparent until just before pupation, fluorescence in the gut tract confirming uptake is easily observed. Larvae exposed to GFP F. tularensis for 24 h showed significant amounts of fluorescence in the gut and crop region ( Fig. 2b and c) . This fluorescence was absent in control larvae fed with dog biscuit slurry (Fig. 2a) . Larvae imaged 72 h after exposure demonstrated still visible GFP fluorescence in the gut region ( Fig. 2d and f) . Unattached, digested food should leave the gut tract within 24 h. Continued fluorescence at the 72-h time point strongly suggests persistence of the bacteria in the developing larvae.
Continuous exposure to F. tularensis LVS biofilms significantly affects fitness of C. quinquefasciatus
To determine if larval exposure to F. tularensis affected fitness of the mosquito, developmental time to pupation, larval mortality, and adult wing length were assessed. Larvae exposed to a single 24-h exposure of F. tularensis LVS showed no difference in time to pupation from controls (Table 1) . As male larvae will pupate more quickly than females, the determination of sex ratio of each cohort was also determined. This ratio is important in determining if any alteration in time to pupation was due to the bacteria or simply because of more of one sex being present in the cohort. A score of zero denotes an equal number of males and females, 1 denotes all male, and À1 denotes all female. For the single exposure, control and biofilm cohorts skewed female whereas the planktonic cohort skewed male. In continuous exposure treatments, the controls skewed male and the bacteria exposed treatments skewed female. This skewing explains the apparent differences in the time to pupation data between controls and treatments. Continuous exposure during larval stages to F. tularensis LVS alone, from both planktonic and biofilm forms, lead to increased mortality and a significantly lengthened time to pupation. In fact,~85% of the larvae failed to pupate under continuous bacteria only exposure conditions. To acquire adults for further fitness analysis, an attempt was made to supplement culture conditions to allow for development, but still have larvae consume the bacteria. Fluorescent microscopy of larvae after feeding on bacterial cultures supplemented with 75 lL of sterile slurry (1/2 the control cohort amount) demonstrated uptake of the bacteria and allowed for pupation. With this, supplementation larvae raised on continuous exposures of bacteria showed no statistical differences in time to pupation or in larval mortality between control and exposed larval cohorts ( Table 1) . As an additional control, larvae were raised using only 75 lL of slurry (no bacteria). These larvae had a slightly longer time to pupation than those of the other control group fed only 150-lL slurry, but exhibited no differences in mortality, wing length or fecundity.
Wing length is often used in arthropod species as a correlate to body size, which is a factor in mating success for both males and females. The wing lengths of females after single or continuous exposure to the bacteria showed no significant difference from the controls (Table 1) . Although adult wing lengths of males from a single exposure of F. tularensis LVS were not different from controls, wing lengths of males exposed continuously through larval stages to F. tularensis LVS biofilms were significantly smaller (Table 1 ). All data are expressed as averages and as standard error of three independent replicates of 10 larvae.
Larval exposure to F. tularensis LVS biofilms affects fecundity in adults
As the most likely state of the bacteria in the environment is the biofilm, substrate feeding was used to analyze effects on fecundity. As this analysis required adults, supplemented biofilm exposures were used. Larvae raised on either biofilm or control diets were allowed to emerge as adults and placed in mating chambers. Six egg rafts obtained from each mating condition were counted microscopically to determine eggs per raft. There were no statistical difference between treatments of the average age of the adult when the eggs were laid. The number of eggs laid from all matings of adults exposed to F. tularensis LVS biofilms as larvae was significantly lower than the number of eggs laid from matings of control male and control females (P < 0.05, Student's t-test) (Fig. 3) . The number of eggs laid from the mating of F. tularensis LVS exposed females and F. tularensis LVS exposed males was only 60% of the control group. These results suggest that larval exposure to F. tularensis LVS reduces the fecundity in C. quinquefasciatus mosquitoes regardless of gender.
Francisella tularensis LVS localizes in the Malpighian tubule cells and midgut cells of the mosquito larvae
We investigated the localization of the bacteria within the mosquito and found that larvae exposed to a single 24-h exposure of the bacteria show intracellular presence of Fig. 3 . Continuous exposure to Francisella tularensis as juveniles affects adult fecundity in both males and females. All treatments were significantly less than the control mating (*P < 0.05). CMCF: control male 9 control female; CMLF: control male, LVS exposed females; LMCF: LVS exposed male, control females; LMLF: LVS exposed males, LVS exposed females. (Fig. 4a-c) . After 72-h exposure, the bacteria remain localized in the MT cells (Fig. 4d) . The presence of bacteria in these cells, particularly the apical MT cells, suggests possible translocation of the bacteria from the gut to the hemocoel of the larvae. When exposed continuously to F. tularensis LVS, the bacteria also localize prominently to the cells of the MTs (Fig. 4e) .
Discussion
Francisella tularensis persists in natural environments in soil and water, but the mechanism of persistence is poorly understood (Sinclair et al., 2008) . An important and fundamental mechanism for survival and persistence of many bacteria is biofilm formation. Pathogens such as V. cholerae and L. pneumophila utilize environmental biofilms as mechanisms of persistence (Alam et al., 2006; Declerck, 2010) . Vibrio cholerae, for example, uses biofilms formed on copepods to persist and survive (Vezzulli et al., 2010) . The biofilms aid not only in persistence but also in dissemination of the bacterium in the environment. In addition, biofilm formation concentrates on the amount of bacteria in one area, which can provide the necessary infectious dose upon ingestion of the bacteria. This concentration effect is seen in the interaction of L. pneumophila and protozoa. The resulting infection is far more severe upon inhalation of protozoa containing Legionella rather than inhalation of bacteria alone, as it provides a concentrated dose (Cirillo et al., 1999) . Francisella uses a host cell for replication and this replication could result in concentration of bacteria and play a role in the severity of the disease upon oral ingestion. Our results demonstrate that F. tularensis LVS is also capable of establishing biofilms both in laboratory media and in simulated natural waters (MHW). Biofilms in both environments persist for at least up to 15 days (Fig. 1) . The ability of the bacteria to persist in natural water is crucial, as this could be an important mechanism for not only the survival of the bacteria but also to allow interactions with grazing protozoans such as amoebae, and grazing arthropods such as mosquito larvae that can serve as host cells. Protozoan grazing on biofilms affects the community depending on the protozoan and bacterial species involved and the grazing efficiency of the protozoa (Hahn & Höfle, 2001 ). For instance, Huws et al. (2005) investigated the difference in feeding of the amoebae, Acanthamoeba castellinii and the ciliate Colpoda maupasi on a mixed biofilm community consisting of Klebsiella pneumoniae, Pseudomonas fluorescens, and Staphylococcus aureus. Acanthamoeba castellinii and C. maupasi obtain nutrients from biofilm communities in the environment, and A. castellinii, in particular, has the ability to interact with and attach to biofilms in such a way as to allow integration. Grazing by each of these species decreases biofilm biomass in a way where prey species are not eradicated, allowing a steady state predator-prey relationship to develop (Huws et al., 2005) . The effects of single-celled eukaryotes on biofilm communities suggest that the relationship between predatory grazers and biofilms is dynamic. The biofilm-water interface draws ciliates, flagellates, and amoebae (Barker & Brown, 1994) and also provides an opportunity for aquatic larvae in search of food to graze the surface. However, little work has been done to investigate the effect of grazing of biofilms by aquatic insect larvae such as mosquitoes. Our data show that mosquito larvae readily feed on planktonic as well as biofilm bacteria. However, the impact of larval feeding habits on bacterial communities remains unclear. The results presented here suggest that further investigation into this interaction is warranted. In addition, the persistence of F. tularensis LVS in the larval gut for at least 72 h after a single exposure (Fig. 2) also poses significant future questions relating to survival of the bacteria in the environment. As mosquito larvae are known to feed on bacteria and organic matter (Merritt et al., 1992 ) the uptake is not surprising. However, as mosquitoes serve as vectors for tularemia, this interaction and possible persistence could be extremely important in understanding the ecology and mechanisms of persistence of these bacteria.
Studies from the 1930s have suggested a mechanical transmission route of tularemia by mosquitoes and deer flies. Currently, mosquito transmission of the bacteria is thought to be the predominant transmission mechanism in northern Europe, particularly Sweden (Gurycova, 1998) . Recently, Triebenbach et al. (2010) and Lundström et al. (2011) attempted to isolate F. tularensis from mosquito larvae. In the first case, A. aegypti and A. gambiae larvae were fed planktonic F. novicida and the researchers found that although the larvae fed on the bacteria, it was not detectable after molting. Contrastingly, Lundström et al. (2011) demonstrated presence of F. tularensis in adult mosquitoes reared from larvae collected from waters in highly endemic areas for tularemia. This finding suggests that larvae acquired the bacteria from the environment and maintained it through molting. In the second study, F. tularensis Type B was identified in Aedes punctor, Aedes vexans, Aedes sticticus and Culex pipens/torrentium suggesting that the mosquito species may play a role in persistence of the bacteria.
In addition to the importance that the interaction of F. tularensis biofilms and mosquito larvae may have on disease transmission, the interaction also has effects on the natural community. As bacteria serve as a food for the larvae so do the larvae serve as food for larger organisms. Viable bacteria within the larvae upon consumption by larger organisms could serve as a mechanism for passage of the pathogen up the food chain. This situation is found in the interaction of Mycobacterium ulcerans and aquatic larvae (Wallace et al., 2010) . Mycobacterium ulcerans persisted within larvae for up to 6 days and could later be found in predators of the mosquito larvae. Ingestion of F. tularensis LVS by C. quinquefasciatus larvae could have similar outcomes when larvae are a food source for mosquito fish (Prasad et al., 1993) and Odonate nymphs (Mandal et al., 2008) . The susceptibility of these organisms to Francisella remains unclear, although fish are susceptible to Francisella species (Duodu & Colquhoun, 2010) . Our findings illustrate the necessity of studying the effects of acquisition of F. tularensis by mosquito larvae.
The interaction studied here is bidirectional and exposure of larvae to pathogens results in a stress response. These exposures can affect development of the larvae as well as adult fitness. Our results demonstrate that when larvae are continuously exposed to pure F. tularensis LVS, they do not develop to pupae. Similarly, Peck & Walton (2006) fed C. quinquefasciatus and Culex tarsalis with Pseudomonas aeruginosa containing low or high amounts of phosphorous and also showed that larval growth rate fluctuated with bacterial concentration rather than phosphorous concentration. The reduction in the growth rate suggests that there are significant fitness-related costs when the larval stages are stressed by pathogens. Similar work done with Trichoplusia ni (cabbage looper) showed that when larvae were orally fed with E. coli or Micrococcus luteus, the larvae had decreased mass in the pupal stage and a delay in time to pupation (Freitak et al., 2007) . The authors further suggested that the T. ni could possibly detect the bacteria interaction with midgut epithelial cells and modulate subsequent immune response.
We found that continuous exposure to biofilms and planktonic F. tularensis LVS during the larval stage significantly decreases fecundity in both males and females of the species, C. quinquefasciatus (Fig. 3) . Larval exposure that leads to effects on adult fecundity can have dramatic effects on community populations. Bacteria that affect the sexual machinery of mosquitoes, such as Wolbachia does through cytoplasmic incompatibility (Yen & Barr, 1973) , can lower male fecundity by making infected female eggs incompatible with uninfected male sperm. Islam & Dobson (2006) showed that for Aedes albopictus, the effects on fecundity are independent of body size, as males infected with Wolbachia are not significantly smaller than uninfected males, though there is a decrease in larval survivorship when larvae are Wolbachia positive (Islam & Dobson, 2006) . Similar to our results, Nnakumusana (1985) showed that mosquito larvae of A. aegypti, A. gambiae, and C. fatigans exposed to Aspergillus parasiticus had significant fecundity costs and significant reduction in percentage of egg hatch in the exposed larvae. Possibilities for mechanisms that affect the fecundity in adulthood could be colonization of the sexual tissues by pathogens or that larval exposure to bacteria is contributing to increased immune system expression and impacting the amount of energy stored before the transition to adulthood.
To further examine the bacterial exposure's effect on mosquitoes, we examined possible sites of localization of the bacteria. Our results showed F. tularensis localized to the midgut and MT cells of larvae exposed to both planktonic and biofilm bacteria (Fig. 4) . As F. tularensis is an intracellular bacterium, the cytoplasmic localization of the midgut cells was expected. For the bacteria to colonize the MTs, however, they must either move against the current from the hindgut into the MT or cross the midgut epithelium into the hemocoel. An additional mechanism of MT colonization could occur during histolysis of tissues during molt and metamorphosis. As intracellular F. tularensis LVS are seen in the midgut epithelium, crossing the gut epithelium can be hypothesized. This ability would also allow the potential for interaction with the cells of the hemocoel. Read et al. (2008) have previously shown that Francisella can effectively invade and replicate within a mosquito hemocyte-like cell line, and F. tularensis has been shown to invade and replicate within lung epithelial cells of mammals (Melillo et al., 2006) . Oral uptake of the bacteria may be the mechanism through which the bacteria are acquired, positioning them to obtain access to the hemocoel. Although no previous bacterial pathogen has been shown to localize within the MT, previous work with the nematode Dirofilaria immitis demonstrates that the nematode develops within the MT cells of mosquitoes (Yen, 1938; Kartman, 1953) suggesting that these cells are susceptible to colonization by pathogens. MTs also serve an important role in the insect defense system (Bradley & Nayar, 1985; McGettigan et al., 2005) . Francisella tularensis is known to manipulate host immune responses, and the antimicrobial peptides have been shown to be produced during infection, which are capable of killing Francisella (Amer et al., 2010) . It is possible that colonization of the MT cells by F. tularensis can subvert immune response to allow for persistence within the organism. Future work will investigate this possible manipulation of the mosquito immune response.
The interaction between organisms of various trophic levels and microbial communities is not well understood, but it is an essential component of infectious disease ecology. Temporary aquatic organisms such as mosquito larvae may have the potential to play an important role. This work, for the first time, demonstrates that larvae can orally acquire pathogens from the biofilm and that these pathogens may be able to utilize this host as a mechanism of persistence. Our work suggests that the pathogen may also be playing a role in larval population dynamics. Although further work is needed to verify the mechanisms, mosquito larvae uptake of pathogens may provide protection and nutrients for pathogens within cells, transport of pathogens through movement of larvae, as well as serving as a source for disease transmission. This work emphasizes the need to study the interaction between temporary aquatic organisms and environmental pathogens not only in the laboratory but also in comparison to environmental aquatic systems. Understanding the factors that influence persistence and dispersal of biofilms and the dynamics of biofilm interactions with vector species can lead to significant insight on outbreaks, transmission, and prevalence of disease.
